ABSTRACT An autonomous energy source within a human body is of key importance in the development of medical implants. This work deals with the modelling and the validation of an energy harvesting device which converts the myocardial contractions into electrical energy. The mechanism consists of a clockwork from a commercially available wrist watch. We developed a physical model which is able to predict the total amount of energy generated when applying an external excitation. For the validation of the model, a custom-made hexapod robot was used to accelerate the harvesting device along a given trajectory. We applied forward kinematics to determine the actual motion experienced by the harvesting device. The motion provides translational as well as rotational motion information for accurate simulations in threedimensional space. The physical model could be successfully validated.
Introduction
Despite major advances in the field of medical implants, the need of energy is still a limiting factor in the development of devices expected to last for a patient's lifetime. Depleted batteries are one of the main reasons for the replacement of a medical implant. As example, pacemaker statistics [1] for the year 2009 in Switzerland report 3991 initial pacemaker implantations vs. 1408 pacemaker replacements. In order to avoid repeated surgical interventions, an alternative power supply is required, which is able to harvest the needed energy from within the body [2] - [4] . The availability of an inexhaustible power supply would revolutionise the development of medical implants. In our work, we focused on intracorporeal energy harvesting from the beating heart. With its enduring and repetitive contractions the heart seems the ideal energy source. A rotational mass imbalance oscillation generator (rotational MIOG) has been developed to convert the low frequency motions of the heart into electrical energy. This energy can be used by medical implants e.g. pacemakers, which trigger heart contractions by applying minute electrical stimuli. The development and manufacturing of such a MIOG device is very demanding: On the one hand, it should be attachable to the heart without interfering with the heart's normal function. This also implies to minimize the total size and mass of the device. On the other hand, we would like to maximise the energy conversion efficiency and therefore the energy output. Minimizing the device mass and size and maximizing energy output are two competitive goals. We therefore face an optimisation problem. A physical model of the rotational MIOG prototype was developed to be able to predict the energy outcome for different motion scenarios and geometrical constraints of the device. The model considers several physical effects, including the important effect of the mechanism's transmission play. In order to validate the model, a custom-made robot was built to mimic the motion of a point on the heart. The rotational MIOG was attached to the robot's end effector which was accelerated according to the desired trajectory. The same accelerations were used in the simulations in order to validate the physical model.
The Prototype
The rotational MIOG (Figure 1 ) was derived from the clockwork of an automatic wrist watch (ETA 204, ETA SA, Switzerland). The mechanism of an automatic clockwork transforms the mechanical energy of a moving arm into electrical energy. In this study, the myocardial contraction instead of the arm motion causes the unbalance to oscillate. This oscillation is used to wind a spring that temporarily stores the energy in mechanical form. To do so, a mechanical rectifier transforms the oscillation of the unbalance into a unidirectional rotation. The spring is winded up to an absolute angle of four radians, thereby reaching a maximum torque of 50 µNm. This causes the spring to unwind and drive an electrical generator ( Figure 2 ). The sudden release of the spring yields an electrical impulse with a mean energy of 47 µJ. The clockwork mechanism was enclosed into a custommade housing providing six eyelets for attachment. All unnecessary time indicating parts of the watch were removed to save mass. The original glass lid was used to seal the device. The total mass of the prototype reaches 16.7 g (mass of the oscillation weight: 3.5 g). 
Modelling the Prototype
The construction of a rotational MIOG is complex and the manufacturing requires sophisticated micromachining and watch-making techniques. In an effort to reduce development time and manufacturing costs, a physical model was created to allow for an in silico optimization of the device with respect to the motion spectrum of the heart. The following sections provide an overview of the physical model. This includes a brief summary of all acting forces, which were already discussed in detail in [5] . Furthermore, it describes the improvement of the model's accuracy by implementing the transmission play effect.
The Pendulum Problem
The rotational MIOG is a two-dimensional pendulum operated in a three-dimensional space, whose motion is constrained to a rotation around one axis. From possible motions along six degrees of freedom (three translational and three rotational movements), accelerations aligned with the rotation axis are not captured by the oscillation weight. The device is exposed to the gravity field and an external force given by the myocardial contraction. MRI motion analyses of the myocardial wall show not only translational but also rotational movements [5] . When describing the system ( Figure 3 ) in the non-inertial reference frame of the accelerated device, several fictitious forces have to be taken into account. The model includes the Euler, centrifugal and Coriolis forces, which are all depending on the angular acceleration of the device. The inertial force, which represents the reaction force to the translational motion of a single point on the heart, is yet another fictitious force in the model. In addition to fictitious forces, real forces in the accelerated device frame are also modelled. One of them is the friction force, which was implemented as two separate parts: a static and a kinetic friction (stick-slip problem). Another real force is the spring force, which increases with the cumulated absolute angle of the oscillation weight up to the point where the spring reaches its maximum torque. At that point, the spring force is reset to zero and an electrical impulse is registered in the model. The number of generated impulses and the mean impulse energy can finally be used to calculate the total energy produced in an experiment. The above system requires solving a second order explicit ordinary differential equation (ODE) for the angular acceleration of the oscillation weight. A numerical solution was found by using a classical 4th order RungeKutta algorithm with adaptive step size control. 
The Transmission Play
The moving rotational MIOG shows that the orientation of the device in the gravitational field is of major importance. In the very rare case when the rotation axis of the device perfectly coincides with the gravity vector, only the external excitation of the heart has an influence on the behaviour of the oscillation weight. In this configuration, the weight is more frequently able to complete a full revolution instead of oscillating. In every other device orientation, the gravity positions the oscillation weight at a certain angle and the external excitation only causes a deflection from that angle. Therefore the most common case is an oscillation about a settling position given by the gravity. However, experiments with the lying rotational MIOG (gravity-free orientation) showed that small amplitude oscillations did not produce any energy. It was observed that small deflections of the weight did not cause any net increase of the spring load because the weight returned to its settling position when released. The play introduced by the complex transmission and rectifying mechanism 
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explains this behaviour. The play, determined as the minimal angle required for a permanent increase of the spring load when releasing the weight, was found to be +/-15 degrees. To achieve a better estimation of the spring force by accounting for the mechanical play in the physical model, a new angle variable was introduced. It is derived from the actual angular position of the oscillation weight and the absolute angle of the play .
As shown in Figure 4 , the actual oscillation only causes a change of above an absolute difference of 15 degrees. In case of a change in direction, the angle of the actual oscillation weight can rotate by 30 degrees before changes. The implementation of the transmission play has a crucial impact on the cumulated absolute angle. Whereas in the previous version of the model small oscillations mistakenly contributed to wind the spring, the new model only considers amplitudes over 15 degrees and therefore reduces the amount of impulses considerably.
Validating the Model
A validation of the physical model requires its input parameters to be clearly defined. On the one hand, this includes acquiring the geometrical properties (e.g. radius and mass of the oscillation weight, spring constant, mass of inertia, etc.) of the real prototype. On the other hand, it is important to use the same excitation in the simulation as experienced by the real prototype during the in-vitro experiment. This demands an in-vitro setup which is able to accurately measure the effective motion of the rotational MIOG prototype.
The following sections describe the design of a robot with the given requirements and how it is utilized for the validation of the physical model.
Robot
To reproduce different motion patterns of a human heart, the robot must move in six degrees of freedom within a workspace radius of 10mm and cope with accelerations up to approximately 50 m/s 2 .These requirements were defined from previously acquired MRI tagging data of the beating human heart [5] - [7] . To fulfill these requirements, a hexapod robot was designed and manufactured. Its parallel structure relying on six articulated arms, linking the six motors with the end effector, make it less prone to positioning errors ( Figure 5 ). The lower arms are supported by two ball bearings mounted in T-pieces that are rigidly attached to the motor axes. Ruby ball joints were used to link the lower arms to the upper arms and the upper arms to the end effector. This setup allows minimising the friction and the play in the joints and also ensures freedom of movement within the desired workspace. In order to move the end effector along a certain motion pattern, inverse kinematics was applied to determine the trajectory of each motor. These parameters were used as setpoint variables in a PID controller (PXI-1031, PXI-7350 and PXI-7774, National Instruments Corp., USA) that calculates the error from the measured encoder values. Finally, a Labview software was programed to load the motor parameters and to feed the motor controllers with new setpoint values.
Validation Procedure
For the validation of the model an external excitation was required where all force components come into effect. Therefore, both translational (x, y and z) and rotational (roll, pitch and yaw) movements had to be reproduced by the hexapod. This can be achieved by a motion pattern where the robot has to adopt successive poses. Five different patterns were created consisting of 725 poses in 120 seconds duration. The poses were randomly generated within a workspace of +/-30 mm in x-, y-and z-directions and +/-20 degrees for roll, pitch and yaw rotations.
Another criterion of the validation procedure was the orientation of the rotational MIOG to the gravity field. The prototype was therefore mounted on the hexapod in three different initial orientations -at an angle of 0, 45 and 90 degrees to the horizontal end effector platform. For the simulation of the MIOG in a 45 and 90 degrees orientation, the initial angle of the oscillation weight was naturally given at 6 o'clock by the direction of gravity. For consistency, the same initial angle was used for the simulation with 0 degree orientation. Performing five different motion patterns for three different device orientations led to 15 in-vitro experiments. In addition, each experiment was repeated 5 times to assess repeatability. The actual motor movements (PID controller corrected values) were recorded for each of the 75 experiments. By applying forward kinematics, these motor data were transformed into motion patterns that served as input parameters for the in silico experiment. The generated signal of the rotational MIOG prototype was recorded (PXI-6259, National Instruments Corp., USA) and post-processed for each experiment. Because the mean impulse energy of the generator varied for different experiments, counting the number of impulses was not a reliable reference value. Therefore, we divided the total measured energy of an experiment by a standardised mean impulse energy of 47 µJ. This calculation resulted in a total number of impulses and was used as reference value for the validation of the physical model.
Validation Results
As illustrated in Figure 6 , the rotational MIOG performs best in the 0 degree orientation whereas the rate of impulses strongly decreases for the device mounted at a 45 and 90 degree angle. In addition, it shows larger variations between the individual repetitions in the 0 degree orientation than in the 45 and 90 degree orientations. Furthermore, the rate of impulses remains constant for each device orientation. However, there is an exception for the fifth motion pattern which seems to have a boosting effect for all repetitions at 45 and 90 degrees orientation. The mean output energy of the hexapod robot experiment vs. the mathematical model was 39.8 µJ vs. 
Discussion
We demonstrated that our in silico model can predict the impulse rate generated by a rotational MIOG. The model has been further improved by implementing the transmission play effect. This decreased the number of predicted impulses considerably and led to a much closer agreement between experiment and simulation. Previous Figure 6 : The results of the in-vitro experiments for the device orientation 0° (blue), 45° (green) and 90° (red). At each orientation, five different motion patterns were performed and repeated five times. In addition, the crosses mark the results of the simulations.
simulations which were not considering the transmission play effect yielded about 1.8 (0°), 1.5 (45°) and 1.3 (90°) impulses per second. The current model can be considered a reliable tool to estimate the energy production of the MIOG for a given excitation pattern. The experiments on the hexapod also showed that the MIOG has a rather chaotic behaviour especially in the 0 degree orientation when gravity has a small impact. To reduce the variability between the individual repetitions, longer experiment duration would be necessary. This implies increasing the simulation duration but also increasing the chance for introducing numerical errors. However, by computing the number of impulses per second rather than an absolute angle, the effect of numerical errors cancels out in average. Therefore, an experimental and simulation time of 120 seconds was found a good compromise between in-vitro repeatability and computational effort.
For all experiments, the hexapod was able to reproduce the predefined random motion pattern but also to record the actual motor movements. However, in some cases we observed very strong but short accelerations in the actual motor data throughout the experiment whereas the harvesting device itself remained unaffected. This led to a discrepancy between the in-vitro experiment and the corresponding simulation. It is our hypothesis that this effect is caused by the play in the hexapod's joints. It introduces an offset in the system, which is being overcorrected by the PID controller. This overshooting is immediately absorbed by the play, which is why the end effector might be unaffected by the controllers reaction. To date, the joints are being redesigned in order to minimise their play and friction. The experiments affected by this effect were not considered for the simulations.
